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An on-demand single photon source is a key element in a series of prospective quantum technologies and
applications. We demonstrate the operation of a tuneable on-demand microwave photon source based on a fully
controllable superconducting artificial atom strongly coupled to an open-end transmission line (a 1D half-space).
The atom emits a photon upon excitation by a short microwave pi-pulse applied through a control line weakly
coupled to the atom. The emission and control lines are well decoupled from each other, preventing the direct
leakage of radiation from the pi-pulses used for excitation. The estimated efficiency of the source is higher than
75% and remains to be about 50% or higher over a wide frequency range from 6.7 to 9.1 GHz continuously
tuned by an external magnetic field.
Control and manipulation with light at the single-photon
level [1–4] is interesting from fundamental and practical
viewpoints. In particular, on-demand single-photon sources
are of high interest due to their promising applications in
quantum communication, quantum informatics, sensing, and
other fields. In spite of several realisations in optics [5–
9], practical implementation of the photon sources imposes
a number of requirements, such as high photon generation
and collection efficiencies, frequency tunability. Recently de-
veloped superconducting quantum systems provide a novel
basis for the realisation of microwave (MW) photon sources
with photons confined in resonator modes [10–15]. However,
all the circuits consist of two elements (the resonator and the
quantum emitter system) and the generated photon frequency
fixed to the resonator frequency. We propose and realise a
different approach: a single-photon source based on a tune-
able artificial atom coupled asymmetrically to two open-end
transmission lines (1D half-spaces). The atom is excited from
a weakly coupled control line (c) and emits a photon to a
strongly coupled emission line (e). The photon freely propag-
ates in the emission line and can be further processed using,
for example, nonlinear circuit elements. Among the advant-
ages of our circuit is its simplicity: it consists of the single
element.
Operation principles and device description. An optical
analogue of the proposed single-photon source consists of a
two-level atom situated near a tiny hole (much smaller than
the wavelength) in a non-transparent screen (Fig. 1a). The
atom is slightly shifted towards the right-hand-side space, de-
fining an asymmetric coupling to the half-spaces. By apply-
ing a powerful light from the left side, the atom can be ex-
cited by evanescent waves, which cannot propagate in the
right-hand-side space due to their rapid decay. On the other
hand, the excited atom emits photons into the right-hand-side
space (Fig. 1b). In practice, the presented layout is difficult
to build using natural atoms and, even if one succeeds, an-
other problem must be solved: the low collection efficiency
of emitted photons in the 3D space. These problems can be
easily avoided by using on-chip superconducting quantum cir-
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Figure 1: Single-photon source. (a) Optical analogue of the source.
(b) Mechanism of single-photon generation. The reemitted single
photon (red) is decoupled from the incident pi-pulse (blue), which
prepares state |1〉 in the atom. (c) The optical micrograph of the
device. The artificial atom is in the middle and the thin long metallic
line from the atomic loop forms capacitances between the atom and
the control/emission transmission lines. The left and right panels
show transition from the central parts of lines to the usual coplanar
ones. (d) Equivalent electrical circuit of the photon source.
cuits coupled to 1D transmission lines [16–18]. Fig. 1c shows
a circuit with an artificial atom coupled asymmetrically to a
pair of open-end coplanar transmission lines (1D-half spaces),
each with Z = 50 Ω impedance. The coupling capacitances
Cc and Ce are between the artificial atom and the control
and emission lines, respectively (shown on the equivalent cir-
cuit in Fig. 1d). The capacitances can be approximated as
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2point-like objects because their sizes are much smaller than
the wavelength of the radiation (∼ 1 cm). Note also that the
transmission lines in the centre of our device (about 240 µm
for each line) slightly differ from 50 Ω due to the shifted down
ground plane, however we can ignore it because they are also
much shorter than the wavelength. A MW pulse is applied
from the control line, exciting the atom, and then the atom
emits a photon mainly to the emission line due to asymmetric
coupling: Ce/Cc ≈ 5. The following are intrinsic features of
the device: (i) The two lines are well isolated from each other
so that the excitation pulse does not leak from the control line
to the emission line; (ii) due to the strong asymmetry, the ex-
cited atom emits a photon with up to 1−(Cc/Ce)2 probability;
(iii) the photon is confined in the 1D transmission line and can
be easily delivered to other circuit elements through the line.
The artificial atom schematically shown in Fig. 1d is a con-
trollable two-level system based on a tuneable gap flux qubit
[19–22], that is coupled to two Nb coplanar lines. The atom is
fabricated by Al/AlOx/Al shadow evaporation techniques. It
contains two identical junctions in series implemented in the
loop together with a dc-SQUID (called also an α-loop), shown
in the bottom part of the device in Fig. 1d. Here α ≈ 0.7
specifies the nominal ratio between the two critical currents
in the dc-SQUID and the other two Josephson junctions in
the loop. The magnetic fluxes are quantised in the loop: an
integer number, N , of the magnetic flux quanta, Φ0, can be
trapped. At the magnetic fields where the induced magnetic
flux in the loop is equal to Φ = Φ0(N + 1/2), two adjacent
flux states |0〉 and |1〉 with N and N + 1 flux quanta, which
is corresponding to oppositely circulating persistent currents,
are degenerated. The degeneracy is lifted due to the finite
flux tunnelling energy ∆N , determined by the effective dc-
SQUID Josephson energy and varies between different degen-
eracy points (depends onN ). The energy splitting of the atom
~ω10 =
√
(2IpδΦ)2 + ∆2N is controlled by fine adjustment of
the magnetic field δΦ in the vicinity of the degeneracy points,
where δΦ = Φ− (N +1/2)Φ0 and Ip is the persistent current
in the main loop. (We neglect the weak dependence of ∆N on
δΦ.)
The capacitances of the circuit are estimated to be
Cc ≈ 1 fF and Ce ≈ 5 fF. The effective impedance
between the two lines due to the capacitive coupling is
ZC = 1/iω(Cc + Ce), which is about 3 kΩ for ω/2pi =
10 GHz and the transmitted part of the power as low as
|2Z/ZC |2 ≈ 10−3 enables nearly perfect line decoupling.
Device characterisation. Our experiment is carried out
in a dilution refrigerator at a base temperature of around
30 mK. We first characterise our device by measuring the
transmission coefficient tce from the control line to the
emission line using a vector network analyser (VNA) and the
reflection coefficient re from the emission line. Fig. 2a shows
a 2D plot of the normalised transmission amplitude |tce/t0| in
the frequency range 6.5 – 9.1 GHz with the magnetic flux bias
δΦ from -50 to 50 mΦ0 around the energy minimum, where
t0 is the maximal transmission amplitude. The transmission
is suppressed everywhere except in the narrow line that
corresponds to the expected atomic resonance at ω10 and
is a result of the photon emission from the continuously
driven atom. The spectroscopic curve is slightly asymmetric
with respect to δΦ = 0 due to the weak dependence of
∆N on δΦ. From the spectroscopy line we deduce the
parameters of the two-level system: the tunnelling energy
is ∆ = min(~ω10) = h × 6.728 GHz at δΦ = 0 and the
persistent current in the loop is Ip ≈ 24 nA.
To evaluate the coupling of our atom to the emission line,
we also measure the reflection at δΦ = 0 with different prob-
ing powers from -149 to -125 dBm. Next, Fig. 2b shows the
reflection coefficient re mapped on a Smith chart measured in
the case of atom excitation from the emission line (opposite
to the case of source operation). The curve changes its form
from circular to oval, which reflects the transition from the
linear weak-driving regime up to the nonlinear strong-driving
regime of the two-level system [16].
We next derive the dynamics of the point like atom (the loop
size ∼ 10µm is much smaller than the wavelength λ ∼ 1 cm)
located at x = 0 and coupled to the 1D open space via
an electrical dipole. We also take into account the fact that
ωZCc,e  1. The atom is driven by the oscillating voltage at
the frequency ω of the incident wave V0(x, t) = V0e−iωt+ikx
in the control line and the resulting driving amplitude of
2V0 cosωt = Re[V0e
−iωt+ikx +V0e−iωt−ikx]|x=0 is the sum
of the incident and reflected waves. The Hamiltonian of the
atom in the rotating-wave approximation is H = −(~δωσz +
~Ωσx)/2, where δω = ω−ω10 and ~Ω = −2V0Ccνa with the
electric dipole moment of the atom νa (between Cc and Ce).
The atomic voltage creation/annihilation operator is νˆ± =
νaσ
±, where σ± = (σx ∓ iσy)/2. The driven atom gener-
ates voltage amplitudes of Vc,e(t)/2 = iωZCc,eνa〈σ−〉e−iωt
in the control (x < 0) and emission (x > 0) lines. Substi-
tuting the relaxation rates Γc,e1 = SV (ω)(Cc,eνa)
2/~2 due to
voltage quantum noise (SV (ω) = 2~ωZ) from the line im-
pedance Z in each line, we obtain
x < 0 : Vc(x, t) = i
~Γc1
Ccνa
〈σ−〉e−iωt−ikx, (1a)
x > 0 : Ve(x, t) = i
~Γe1
Ceνa
〈σ−〉e−iωt+ikx. (1b)
In the ideal case of suppressed pure dephasing (γ = 0) and in
the absence of nonradiative decay Γnr1 = 0, the power ratio
between the control and emission lines generated by the atom
under resonance is |Vc(0, t)/Ve(0, t)|2 = C2c /C2e ≈ 0.04,
which means that up to 96% of the power generated by the
atom can be emitted into the emission line. This allows us
to measure the spectroscopy curve shown in Fig. 2a. To find
〈σ−〉 under continuous driving, we solve the master equation
by considering the total relaxation rate Γ1 = Γc1 + Γ
e
1 + Γ
nr
1 ,
where Γnr1 is the nonradiative relaxation rate (for a photon
absorbed by the environment). Here, the dephasing rate is
Γ2 = Γ1/2 + γ, where γ is the pure dephasing rate. The solu-
tion is 〈σ−〉 = −i Ω2Γ2
1+iδω/Γ2
1+(δω/Γ2)2+Ω2/Γ1Γ2
. The reflection in
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Figure 2: Transmission and reflection through the artificial atom. (a) Transmission spectrum of the two-level artificial atom. The normalised
transmission amplitude |tce/t0| from the control line to the emission line versus biased flux δΦ. The transmission is suppressed everywhere
except for at the resonance frequency of the atom. (b) Smith chart of the MW reflection coefficient re in the emission line around δΦ = 0.
The reflection coefficient re in the emission line is plotted with real-imaginary coordinates for probing powers from -149 to -125 dBm with a
step of 3 dB.
the control line and the transmission coefficient from the con-
trol line to the emission line are rc = 1 + Vc(0, t)/V0(0, t)
and tce = Ve(0, t)/V0(0, t), respectively. At the weak-driving
limit (Ω (Γ1,Γ2)),
rc = 1− 2 Γ
c
1
2Γ2
1
1− iδω/Γ2 , (2a)
tce = −2 Γ
e
1
2Γ2
Cc
Ce
1
1− iδω/Γ2 (2b)
are circular plots on the Smith chart. Similarly to Eq. (2a), we
can write down the following expression for the reflection in
the emission line
re = 1− 2 Γ
e
1
2Γ2
1
1− iδω/Γ2 , (2c)
with the substitution Γc1 by Γ
e
1. We will further use this ex-
pression to characterise the coupling strength and efficiency
of our device.
On the other hand, the excited atom emits an instantaneous
power proportional to the atomic population P1(t) [17] that
can be straightforwardly expressed as
Wc,e(t) = ~ωΓc,e1 P1(t), (3)
where P1 = (1 − 〈σz〉)/2. If the atom is prepared in the ex-
cited state |1〉 at t = 0, the probability decays according with
P1(t) = exp(−Γ1t). Also, the efficiency of the photon emis-
sion to the right line is Γe1/Γ1, which again can be as high as
C2e/(C
2
e + C
2
c ) ≈ 0.96 in the ideal case. The plot in Fig. 2b
gives us a measure of the coupling strength of the atom to the
emission line. Using Eq. (2c), we estimate the efficiency of
photon generation to be Γe1/Γ1 ≥ Γe1/2Γ2 = 0.75.
Device operation. Our photon source based on the conversion
of atomic excitation into a MW photon requires efficient con-
trol of the quantum states. Fig. 3a shows measured quantum
oscillations. We monitor the coherent emission from the atom
into the emission line by VNA when a train of identical excit-
ation MW pulses, each of length ∆t with period T = 100 ns,
is applied from the control line. The amplitude of the emis-
sion oscillates with ∆t. The maxima and minima of the os-
cillations correspond to |〈σ±〉| ≈ ±1 when the atom is in the
maximally superposed states with 50% population. We also
measure incoherent emission spectra using a spectrum ana-
lyser (SA) as a function of ∆t. In Fig. 3b, one can see the
central narrow peak (yellow colour) corresponding to the co-
herent emission (∝ 〈σ±〉) and the wider (incoherent) emission
peak (∝ 〈σz〉). The two peaks oscillate in amplitude with a
pi/2 shift with respect to each other, as expected from the dy-
namics of 〈σ±〉 and 〈σz〉 [17]. For the single photon source
operation, we tune the pulse length to obtain the maximum in-
coherent emission (defined as a pi-pulse and its length is ∆tpi
= 6.5 ns), emitting a single photon from atom excited state
in a pulse period T . The average emission peak excited by
the pi-pulses with repetition time T = 100 ns, which is much
greater than the atom relaxation time, is shown in Fig. 3c. Us-
ing a Lorentzian fit, we obtain FWHM ∆ω/2pi ≈ 12.5 MHz,
which is equal to the relaxation rate Γ1 when γ = 0.
Next, we demonstrate the operation of the photon source
in time domain. We apply a train of excitation pi-pulses and
digitise the amplified outcoming signal from the source using
a fast analog-digital converter (ADC) with a 4 ns step. To
cancel the background noise from the amplifier we also take
the idle traces (without applying pulses). The on-off pulse
signals are squared and subtracted. Fig. 3d demonstrates the
result of 5.12×108 times averaging. The measured peaks well
coincide with the simulated ones with decay Γ1 and 30 MHz
bandwidth set by the digital filter during the data acquisition.
Finally, we evaluate the efficiency of our source over a
wide frequency range by tuning the emission frequency ω10
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Figure 3: Single-photon source. (a) Rabi oscillations in the two-level atom coupled to the two half spaces measured by VNA. The atom is
excited by MW pulses of length ∆t from the control line with repetition time T = 100 ns, and the coherent emission is detected from the
emission line. (b) Emission spectrum measured by SA from the atom with the same excitation as in a. The incoherent emission is maximal
at the pi-pulse (∆tpi = 6.5 ns). (c) Emission peak at ∆tpi fitted by Lorentzian curve with FWHM ∆ω. (d) Emission power versus time when
excitation pi-pulses are applied. The dashed blue line is the expected shape of the pulses with Γ1 = ∆ω.
controlled by δΦ. First, we would like to point out that in our
flux-qubit-based atom, pure dephasing (γ ∝ I2p ) is expected
to be strongly suppressed due to the low persistent current
Ip being one order lower than in the conventional design
[20, 21]. Therefore, the pure dephasing should not affect
the efficiency too much, even when we detune the energy
from the minimal ones. We characterise the coupling strength
using Eq. (2c) by measuring the circle radius of re on Smith
charts similar to that in Fig. 2b for different δΦ. Fig. 4
shows the derived efficiency as a function of generated single
photon frequency. We obtained more than 50% efficiency
almost everywhere over the range of frequencies from 6.7 to
9.1 GHz except at one point around 7.25 GHz. The efficiency
can be affected by non-negligible pure dephasing γ and/or
non-radiative relaxation Γnr1 .
Discussion
In conclusion, we demonstrated an on-chip tuneable on-
demand single-microwave-photon source operating with high
efficiency over a wide range. The source is expected to be
useful for applications including quantum communication,
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Figure 4: Extracted efficiency of the photon source versus different
transition frequencies of the two-level atom.
quantum information processing, and sensing.
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